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Science™  USSR) ¥ol  XDVXII ,  No  3 ,  Mos¬ 
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'( Submitted  by  Acaaeiaician  K).  K-  Bemeriov- 
on  13  .October-  1944. ) 


9  1.  In  order  to  .determine  hfour  characteristics  61 

the  detonation  wave,  that  is,  the  Velocity .  0  of  tire  det~ 
crralion,  *•> 
lately 


«=>  i.y  a neaa  01 


oue  velocity  U'.of  the  explosion  products  lalmed-  : 
1  of  the  front,  their  density  i/v  and  the  pres- 
sure  p  :  in.  the  front,  the  hydrodynamic  theory  of  detonation  v 
provides  three  'laws  of  ;  conservation  (macs ,  Biot  ion,  and 
energy)  and  the . Jouguet-Kryussar  condition; 


T. 
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v  V -.  (^p/^v) 


(I) 


which  Indicates  :  that  the  velocity  .of  detonation  is  equal 
to  the  velocity  C  of  sound,  relative -to  the  exolosion  .: 
products.  we  axe  not  studying  the  mechanism  of  .deton¬ 

ation  for  condensed  explosive  -sub stances.*  we  'will  consider 
condition  (1)  .as  applicable.  Hie  use  of  limitations  in 
the  conservation  laws  Is  not  required.-  .. 

\  The  introduction  of  the  equation  of  state  of  the 
explosion  products  ,  necessary  ..to  determine  the  isentropic 


p 


V 


derivative  of  pressure  with  respect  to  volume,  which  der¬ 
ivative  . arises  out  of  condition  (1),  enables  us  to  find 
a  fifth  characteristic:  the  detonation  temperature  T. 

The  application,  of  ClapeyrOh ' s  equation  for  the  explosion 
products  yields;  ; 
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k  +  1 
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Rl/T  « 


4|j-  ( km/se  c  )  }  (  2  ) 


since  k 


1.2,  and  the  quantity  M/n  is  the  aver- 


a  (which 


c  /c 

p  y 

ate  molecular  "weight'  of  the  explosion  product 
products  consist,  for  many  explosive  substances,  of .main 
ly  GGg,  EgO,  Hg,  and  CO)  may  be  taken  as  equal  to  30  gm* 

Inasmuch  as'  T  usually  equals  3000-5000° ,  then  the  detona¬ 
tion  is  close  to  2  km/ sec ;  as  follows  from  (2) ,  it  is  not 
dependent  on  the  density. 

However,  it  has  been  observed  that  the  increase  of 
the  detonation  velocity  with  density  may  reach,  for  ex 

<«  «*  r*  r\  i  .  •mt  u  j*  ^  *1  • 


^...osive  substances,  a  value  of  8  km/sec.  This  is  related 
to  the  fact  that  its  value  is  substantially  affected  by 
the  departure  from  ideality  of  the  products  of  explosion, 
whose  density  may  reach  2  gm/cmi.  For  liquid  and  solid 
explosive  substances  the  calculation  may  be  carried  out 
with  the  use  of  the  equation  of  state  that  sets  forth 
the  explosion  products  accurately.  Moreover,  all  formulas 
relating  detonation  wave  parameters  to  temperature  are 

2.  One  of  the  first  attempts  (1916)  towards  such 


*  W-  JL  W  V  ^  v  ^  - - .v:  ”  —  %  —  - -  / 

a  type  bf  calculation  (applicable  to  nitroglycerine  and 
tn  ’tiipmn'v  fulminate’!  was  Becker's  (1).  He  set  forth  the 


to  “mercury  fulminate)  was  Becker's  (1) 
equation  of  state  for  nitrogen 


p  =  RT((1  +  f  ^e^) 


2kV  8 

a.p  (  h  o 


1) 


(3) 


of 


which  corresponds  /See  Note/  to  the  experimental  data 
Bridgeman. (2) ,  obtained  at  65°  C  for  densities  up  to 
1.1  gm/cm3.  The  use  of  this  specific  equation  is  invalid, 
since  it  is  impossible  to  identify  the  .explosion  products 
associated  with,  nitrogen, 


the  higher  density  of  the 


especially  when  considering 
explosion  products. 


(/Note/  We~  note-  that  the  members  of  formula  (J,) 
which  are  temperature-independent  include  an  item  having 


a  positive  value,  that  is  related  to  the  forces  of  repul¬ 
sion,  and  that  is  predominant  over  the  temperature-depend¬ 
ent  members  at  densities  close  to  2  gm/cirP.  Here,  and 
further  on,  we  have  in  mind  the  elastic  forces  of  repulsion 


_ . 


against  which  work  is  done ,  since'  they  •  exert. sn.  influence 
according' to  (?E/3p)it,*  These  lorc.es  are  cii stingy 3  sned  : 

from  -those  .repulsion  forces  usually  associated  wit n  the 
d'orVOluiae' , ;  which  are  of  a  thermal  character,/  The  ; calcula¬ 
tion'  of  .the-  formulas,  that  follow,  (4)  and  (fc) ,  does  not 
change  the  expression'  (<?B/<?p),p»  which  remains  equal  to  . 

zero,  as  irv  the  case  of  Olapeyron's  equation.) 

.  Obviously,  these  circumstances ,  which  are  aggravat¬ 
ing-din  that  the' expression  (jjj)  complicates  the  mathemati¬ 
cal  commutation,  led  to  the  fact  that  Becker's  paper 
stands  alone  in  the  literature.  V 

3.  A  significantly  greater  development  has  oeen 
evident  an  sn  opposite ‘approach,  which. was  chosen'  somewhat 
earlier  (1912) ,  " Taffanel  and  DaUt riche  (3) who^  were  .  • 

supported  by  Jouguet  (4) ,  and  then  by  Schmidt  (3)  Ci9?5-.; 

1936) .  ’  ;  '  .  ■.  ... 

:  They  assumed,  an  -equation  of  state  iit  the  general. 

form  of  -  :v 


P  (v 


and,  regarding  the  co— volume  as  constai.it.., 
/See  Kote?  '.from  hydrodynamic  theory 
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Uia.  K.  e.  ) ,  tnese  auufiorb/su^ce  y  uuo*.-  uui.  — 

on  the  basis  of  the  experimental ‘.data.  i  or  the  -d  e  peno  fence , 
Of  D  on  the  initial  density  -  l/v0,  which  quantity. ; 

is  also  to  be  used  'for  further  inter-  ahd (extrapolation  - 

(3) ,  and  also  for  calculations  of  detonation  velocity  tor 

ether  exolosive  substances  (5)  •  ,  :  .  p/': 

(/Ikite?  The  analogous  formula  (6)  had  been  already 
obtained  in  1891  by  Viei lie  (6), -who  employed  equation  q 

(4)  in  the  La  Place  formula,  which  relates  the  expansibi¬ 
lity  of  the  gas  to  the  speed  of  sound,  which  formula  he 
also  adapted  to  the  detonation  velocity.)  v 

However ,  calculations  carried  out  for  dynamite  (3/ , 
trotvlv  ten  /”?  ’/,  and  other  substances  (3)  indicated  that 
the  co-volume  is  hot  constant:  it  increases  with  iricreas- 
ind  specific  volume.  Consequently ,  the  use  of  %  *  const  an 
in'  the.  substitution  of  (4)  in  (1)  is  Incorrect  /See  Lor e7 
for  the  detonation  of  condensed  explosive  substances,  ; 


since  the  formulas  of  Taf f anel-Dautriche-Schmidt  have  ; 
proven’ to  be  inaccurate. 

(-/iote7  We  are  inde  bted  for  this  error  to  Prof  Ya. 
B.  Zel'bovidfc,  who  brought  it  to  our  attention.) 

4.  in  order  to  correctly  implement  the  concept  of 
Taffanel  and  Bautriche,  one  must  select  such  a  form  for  . 
the  equation  of  state  for  the  explosion  product^  that  cor¬ 
responds  to  the  experimental  facts.  We  employed  for  this 
.purpose  BridReman's  data  (2)  as  mentioned  in  paragraph 
two .  These  data  indicate  the  possibility  of  applying 
equation  (4)  in  the  study  of  the  density  range  of  the  ; 
data,  if  there  is  introduced  for  the  co— volume  a  si.rn.bat 
ya  /  ?  7  dependence  on  the  volume,  he  adopted  for  this  g: 
dependence  the  well-known  form  of  van  Lear,  Oe  *  bv/(e  +  v), 
transforming  (4)  into  the  form  of 

■  v  +  c 


Vi  v/v  ~  (b  -  cl? 

where  b  >  c  >0.  It  is  .also  necessary  to  determine  the 
lest  constants  from  experimental  data,  for  B  -  D(po). 

5„  The  introduction  of  formula  (6)  in  the  basic 
eouations  was  carried  out  differently  from  the  relations 
established  earlier.  For  U  there  is  obtained 


pik  jl 


nRT 

.  bh"~ 

’  k(v  +  c 


as.  constant 


k(v  +  c) 


where  IL.  -  constant  corresponds  to  paragraph  four. 

•  SA 

d  .  Formula  (£)  is  substituted  in  a  system  of  two 
eouations :  ■ 


k  -f  1 


b  +  c 


(8) 


where  x  «  (lc  +  :l)v^  +  /2(k  +  l)c  -  b7v  +  ^Tk  +  l)c  -  2b7c 

arid  y  V  kv2  +  2kcv  +  (kc  -  b)c.  ;  /  ■:  ,>  ... 

This  system  has  a  cumbersome  algebraic  solution 
(considering  the  form  of  x  and  of  y) ,  although  in  princi¬ 
ple  it  very "easily  relates  (through  the  parameter  v)  B 


4 


to 


vo  * 


which  ie  very  substantial  because  .  the  relation  'be¬ 
tween  them  is  given  by  .experiment.  \  • 

••  6,  In  order  to  indicate  the  numerical  dev.iati.on_  .  . 
that  was  'introduced  by  Schmidt's  error,  we  --  Working  with 
fer  f~,?  ?  ~~  selected  the  Griffins  1  data  of  Schmidt:  ;••• 
k»  1.27  K/n  -  29.2  »»i  *  -  5Q0O0  K;  Dia  =  2.4  Weee, 

and  tfce  results  that'  Were  used  by  him  from  the  experiments 
of  Fridrikh,  for  I)  -  •  i>( v^) »  '.  '•Solving  -tufe  system  of  ©QU»— 

tioriB  (B)  -  (9)  graphically ,■  we  obtained  b.  =  1.6  cru^/gm » 
ba  c  "  i*3S  ciu^/gm «  Fro®  this  the  equation  of  suate  lot 
explosion  'products  of  ten.  is 

,  p( atm )  ;«  8? .  i 


O.iSi. 

th 


1.36 


T 


(10) 


Is  a  result,  in  place  of  the  constant  value  of 
O' "1.09  km/ sec  that  Schmidt  •  obtained  we_have  in  p  dia¬ 
pason.  /mav  mean  range  or  compass/  of  0.2>-1.6  gii/ciiw  an 
increase  "of  U  from  1.16  to  1.6  km/ sec.  Tor  tne  pressure 
jVtbd  front  our  results  are  substituted  in  the  same- 
ratios  that  were  obtained  by  Schmidt  (in  particular,  at_ 
p  «  1.2,  the  pressure  was  62,000  atta  according  to  tcmaiut , 

while  for  us  it  was  114,000  atm;.  An  analogous  situation 
exists  also  in  the  case  of  the  other  parameters. 

?.  In  order  to  arrive  at  a  conclusion  concerning 
the 'limits  of  applicability'  of  the  formulas  that  we  ob¬ 
tained,  it'  was  necessary  to  compare  the  results  of  the  .  •• 
•application  of  these  formulas  v/ltn  tne  direct  exper.inc.-nt— 
ol'  date'  ( Bx’idgeiaan)  •  The  results  c*f  tne  comparison,  (for 


The  nature 
of  the  data  devia¬ 
tion  confirms  the 
role ,  already .re- 
fleeted  in  Seeker's 
formula  (3),  of  the' 
temperature— independ¬ 
ent  forces  of  repul¬ 
sion  that  increase 
with  the  density. 

In- such  a  fashion, 

.  adopting  for  our 

calculations  the  form  of  the  equation  of  +  state  p  ^HT|(v)  , 
it:  is  not  possible  to  reflect  the  properties  of  the  explo¬ 
sion  products  at  high  initial  densities  of  the  explosive  . 
substances. 


.1  Ji..  y  ••  4  «  ;  J 

.  :Cnsy 
;  gm  ; 

i 

.  :  .-p*  1CTJ  atm  '  :  J 

Experiments 

of 

Eridgeman  (  2) 

Calculation 
by  4/. 
F o rrnul a  (8) 

1.29 

1.09 

0.98 

0.91 

3 '  : 

■  6 

10 

19  :: 

:  1.97 

■  .  .Op 

3.22 

i  nr. 

J  ».r  s  _ j 

8.  In  the  meantime,  the  employment  of  precisely 
this  form  has  opened  up  the  prospect  for  a  complete  cal¬ 
culation'  of  the  characteristics  of  the _ detonation"  wave  in 
condensed  explosive  substances,  since'  it .  established  a 
link  between  these  and  the  gases,  for  "which  the  calcula¬ 
tion  exhibited  only  surmountable  difficulties,  as  was 
shown  bv  ZelVfovlch  and  the  author  (?).  *. u  . 

From  this  follows’  not  only  the  invalid  formulas 
and  calculations  of  Taffanel-Bautriche-Schmidt ,  but  also 
the  impracticable  idea  of  theirs:  to  -employ  the  correct¬ 
ion  coefficient  D/D, ,  for  the  non-ideality  of  the  expio-  : 

:  *  XU 

;  sion  products.  :  "  :  /  .  '■ 

In  order  to  obtain  a  correct ; relation  -between  the 
.  quantities  which  characterize  the  detonation  wave,  it  is 
necessary  /See  hot e7  to  utilize  an  equation  of  state  that 
considers  the  forces  of  repulsion. 

'  (ZNota?  For  this  condition  we  are  indebted  to  Prof 
'L.  : h.  LandauT  )  : 

■  9'.  Along  with  these  conclusions,  inasmuch  as  the 
explosion  products  for  the  specific  classes  of  explosive 
substances'  are  similar  in  composition,  it  may  be  assumed 
-s  within  the  limits  of  these  classes  —  that  the  temper¬ 
ature  component  of  the  pressure  will  be  changed  to  a_ small 
extent  at  a  given  density.  This  affords  the  possibility 
■  of  utilizing  'the  calculation  methods  developed,  in  parti¬ 
cular,  in  application  to  Heralds. v 

Conclusion.  1.  In  the  utilization  of  the  general 
.  equations“of  the  Hydro dynamic  theory  of  detonation  for 
condensed  explosive  .substances  there  has  been  presented 
a  critique  of  the  preceding  studies:  ‘ those  by  Becker,  . 
Taffanel  end  DaUtriche,  Jouguet,  and  Schmidt. 

2.  The  equations  of  the  hydrodynamic  theory  are 
solved  with  the  help  of  the  equation  of  state  of  van  der 
Waal s,  which  contains  the  cc— volume  in  the  van  Laar  form. 

3.  The  calculated  constants  of  the  equation  of 

state  for  the  explosion  products'  ©rises  from  the  experi¬ 
mentally  based  dependence  of  the  detonation  velocity  of 
ten  C ?  7  on  the  density .  -  ■>  : 

%.  A  reverse  comparison  with  the  experimental  ; 
i  data  of  Bridreman’ indicates  the  necessity  for  a  calcula¬ 
tion  at  higifdensitxes,  where  the  forces  of  repulsion  are; 
not  temperature—  dependent. 

The  author  expresses  his  gratitude  for  valuable 
discussion  to  Yu.  B.  Khariton  and  Ya.  R.  ZeHdovicb. 
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